SiC membranes were prepared using curing of precursor polymer (polycarbosilane, PCS) film by electron beam irradiation in helium atmosphere. The membrane prepared via curing of PCS film coated using 10 mass% PCS solution for dip-coating followed by immersing it for 30 s in PCS solution, showed H 2 permeance of 3:1 Â 10 À7 mol/m 2 /s/Pa and the selectivity of 51 at 523 K. The H 2 permeance of the membrane was increased proportional to the temperature by the activated diffusion of H 2 . It indicates SiC film without pinholes or cracks formed on the support. As the pyrolysis temperature of cured PCS film was increased, the selectivity of the membrane reached the maximum at 923 K.
Introduction
Hydrogen has attracted much attention as clean energy source because it produces energy without exhausting a popular greenhouse gas, carbon dioxide (CO 2 ). Hydrogen is produced industrially by use of steam reforming of natural gas at temperature range of 1073 to 1273 K. The process involves the endothermic reaction of methan (CH 4 ) and steam (H 2 O) as product gases and consumed huge amount of energy to maintain the reactant gases at high temperature. 1, 2) When the inorganic membrane with molecular sieving property is used to separate hydrogen from the product gases, it is expected the reaction equilibrium would be shifted to the product side, consequently, the reaction temperature are lowered saving the amount of energy which should have consumed for the ordinary process. Since hydrogen predominantly diffuse through the membrane by molecular sieving mechanism and other impurity gases are repelled, highly concentrated hydrogen is obtained at the permeate side. Usually, hydrogen separation such as methane steam reforming is carried out at high temperature with exposing the membrane to highly moist atmosphere or corrosive gases, therefore membranes should be prepared by chemically inert material to undergo such corrosive atmosphere. [3] [4] [5] [6] [7] Precursor-derived silicon carbide (SiC) has been well known as a material with high chemical inertness and thermal stability, so that it is a promising candidate for hydrogen separation membrane. To date, there were a few reports with respect to SiC membrane prepared by curing of PCS film by thermal oxidation [8] [9] [10] [11] [12] or electron beam irradiation in air. 13) The H 2 permeance of approximately 2 Â 10 À8 mol/m 2 /s/Pa with the H 2 /N 2 permselectivity of more than 10 was found at the permeation temperature of 523 K for SiC membrane prepared from thermally cured PCS film followed by the pyrolysis at 1073 K up to 1273 K.
12) The membrane showed molecular sieving property and H 2 diffused through the membrane by the activated diffusion mechanism, moreover, N 2 was also allowed to pass through it by the activated diffusion. For another SiC membrane prepared by the pyrolysis at 973 K, 9) the H 2 permeance of 1{3 Â 10
À8
mol/m 2 /s/Pa and the H 2 /N 2 permselectivity of 90-150 were obtained at the permeation temperature of 373 K. Much higher selectivity than 3.7 which was expected for the Knudsen diffusion mechanism showed molecular sieving property of the membrane. For these membranes, more or less 10 h was required for curing of PCS film, whereas, the time for PCS film to be cured was significantly shorten using electron beam curing in air. The H 2 permeance of around 2 Â 10 À8 mol/m 2 /s/Pa with the H 2 /N 2 permselectivity of 146 at the permeation temperature of 523 K was obtained for SiC membrane prepared via curing of PCS film by electron beam irradiation in air. 13) Only less than 1 h was necessary for the irradiation, which was about one tenth of that for thermally curing. Both H 2 and N 2 permeance were also increased by the activated diffusion as the temperature was raised.
The molecular sieving property for N 2 seemed to be a typical feature of those SiC membranes prepared via curing of PCS film in the atmosphere containing oxygen. It indicated membranes had pores suitable for the activated diffusion of N 2 , which were somewhat larger one appropriate for the activated diffusion of H 2 . Therefore, if forming such pores for the activated diffusion of N 2 in SiC film is prevented, the number of pores for the activated diffusion of H 2 , H 2 permeance by the activated diffusion and selectivity of the membrane are increased.
PCS was known to be curable by electron beam irradiation in helium atmosphere, without oxygen. [14] [15] [16] In this study, SiC membrane was prepared via curing of PCS film by electron beam irradiation in helium atmosphere and the gas permeation property of the membrane was measured. PCS film was coated on the porous support to prevent forming pinholes or cracks, which induce Knudsen diffusion of gases and low gas permeation property.
Experimental
Alpha-alumina tubes coated with thin gamma-alumina layer supplied by Noritake Co., Limited, were used as supports, whose inner diameter was 4 mm and outer diameter was 5.5 mm. Appropriate amount of polycarbosilane (PCS) was weighed and dissolved into cycrohexan to prepare 3 mass% and 10 mass% PCS solution. Tuberous supports whose both ends were capped with silicone preventing the penetration of PCS solution inside the tube, were dipped in 3 mass% or 10 mass% PCS solution for 60 s and drawn up by 1.5 mm/s. After 1 h of drying in air, supports coated with PCS film (hereafter, this dip-coated film was called as ''the first layer'') were immersed in 10 mass% PCS solution for 10, 30, 45, 60 s and drawn up. Subsequently, curing and crosslinking of the film was carried out by an electron beam irradiation in helium atmosphere at room temperature. The pyrolysis of PCS film was performed at 973 K, 1073 K, 1123 K for 30 min in argon atmosphere. Cross sectional image of SiC membrane was obtained by scanning electron microscopy (SEM, JEOL 5600). Single gas permeances of hydrogen (H 2 ) and nitrogen (N 2 ) of the membrane were measured using home-made apparatus and the selectivity (H 2 /N 2 ) was calculated.
Results and Discussions
Figure 1(a), (b), and (c) show the permeances of H 2 and N 2 of the membrane prepared by dip-coating using 10 mass% solution for the first layer and immersing it in 10 mass% solution for 0 s, 30 s, 45 s. These PCS film was cured by electron beam irradiation in helium atmosphere. N 2 permeance of the membrane prepared via curing of the first layer coated using 10 mass% solution ( Fig. 1(a) ), without immersing the dip-coated PCS film, was monotonically decreased with increasing the permeation temperature. Decline in N 2 permeance indicated N 2 molecules permeated through the membrane by Knudsen diffusion mechanism and unplugged large pores still remained in SiC film. While, the H 2 permeance was decreased until 423 K, then slightly increased as the temperature was increased. This means Knudsen diffusion mechanism of H 2 was predominant in low temperature range below 423 K, but above 423 K, H 2 diffused through the membrane by the activated diffusion mechanism. It is known the activated diffusion of H 2 occurs when H 2 molecule diffused inside small space surrounded by covalent bonds such as Si-O, 7, 17) therefore, there were two kinds of pores in this membrane, large pores derived from the porous support responsible for Knudsen diffusion and small pore, in other words, Si-C network space responsible for the activated diffusion of H 2 .
Figure 1(b) is H 2 and N 2 permeances and selectivity of the membrane prepared via immersing of the first layer in 10 mass% solution for 30 s. The permeance of N 2 was almost kept constant and 6:0 Â 10 À9 mol/m 2 /s/Pa at 523 K. This indicates large pores of the support for Knudsen diffusion of N 2 were supposed to be plugged by SiC film. The permeance of H 2 was exponentially increased with increasing the temperature and reached the H 2 permeance of 3:1 Â 10 À7 mol/m 2 /s/Pa with the selectivity of 51 at 523 K. Exponential increase of the permeance indicated H 2 molecules diffused through the membrane by the activation diffusion. It is notable that the H 2 permeance of the membrane was increased, meanwhile the N 2 permeance was maintained almost constant as the temperature was increased. This means number of pores inducing the activated diffusion of H 2 and relatively small amount of pores for N 2 diffusion coexisted in prepared SiC film. The diameter of such pores for N 2 diffusion seemed to be too small for Knudsen diffusion but little large for the activated diffusion, since N 2 permeance was kept at almost constant suppressing both Knudsen and the activated diffusion. Separately, when SiC film was prepared by repeating coating, curing and the pyrolysis three times (its permeation property was not shown here.), also the H 2 permeance of the membrane was increased but N 2 permeance was maintained almost constant as the temperature was increased. This result implied such pores for N 2 diffusion were not derived from incomplete plugging of pores of the support, but formed in SiC film itself. High H 2 permeance of our membrane is desirable for hydrogen separation, 1) nonetheless, the number of pores for N 2 diffusion should be decreased to improve the selectivity probably by optimizing the irradiation condition.
In contrast, in case of curing PCS film by either thermal oxidation or electron beam irradiation in air, not only H 2 but also N 2 permeated through the membrane by the activated diffusion, which resulted in the increase of the N 2 permeance with increasing the temperature. Since this increase of N 2 permeance would lower the selectivity in high temperature region preferable for hydrogen separation, the activated diffusion of N 2 should be suppressed as low as possible.
Further immersing of dip-coated PCS film over 30 s, lower H 2 permeance and selectivity were obtained. Figure 1(c) is H 2 and N 2 permeances and the selectivity of the membrane prepared by immersing PCS film for 45 s. Slightly inclined H 2 permeance showed H 2 diffused through the membrane by both the activated diffusion and Knudsen diffusion mechanism. N 2 passed through the membrane following only Knudsen diffusion mechanism and its permeance decreased as the temperature increased, as that of the membrane prepared without the immersion shown in Fig. 1(a) . These results suggested some unplugged pores which caused Knudsen diffusion of H 2 and N 2 remained in SiC film.
Cross sectional image of SiC membrane is shown in Fig. 2 . The membrane was prepared using 10 mass% solution for the first layer and immersing it in 10 mass% solution for 45 s. Porous structure composed of coarse grains with a diameter of approximately 20 nm probably corresponds to alpha alumina layer of the porous support. Light gray colored, flat and smooth layer with thickness of about 600 nm observed on the porous structure seemed to be SiC film. Thin gamma alumina layer of the support should be observed between alpha alumina layer and SiC film, however, it was not observed in the cross sectional image or distinguished from SiC film, suggesting gamma alumina layer was impregnated with PCS solution. The thickness of SiC film with either longer or shorter immersion time than 45 s was also approximately 600 nm (SEM images are not shown). Consequently, it is considered improvement of the gas permeation property of the membrane was dominated by the imbibition of PCS solution into porous support, not by increase of the thickness of PCS film.
It is difficult to prove what pore structure of the membrane attributed to this improvement of gas permeation property, because the diameter of the pore through which molecules diffuse was sub-nanometer size and too small for observation. We hypothesize followed mechanism for the improvement of gas permeation property: when the porous support was dipped into PCS solution, it was imbibed by PCS solution by capillary force (Fig. 3(a) ). After drawing it up from the solution followed by one hour of drying to eliminate the solvent, PCS film as the first layer formed inside large pores of the support as well as on its surface (Fig. 3(b) ). However, since large pore was difficult to be plugged by PCS film, this hollow suffered from the stress caused by volume shlinking during the pyrolysis. As a consequence, pinholes or cracks formed in SiC film. When the support coated with the first layer of PCS film was immersed in 10 mass% PCS solution, firstly, the first layer was dissolved. This dissolution of PCS film resulted in the production of stagnant PCS solution at the vicinity of the support, whose concentration was higher than 10 mass% (Fig. 3(c) ). The concentrated solution formed on the surface rapidly diffused into 10 mass% solution, however, in large sized pore it seems the solution tended to stagnate. This resulted in thick PCS film formed in the pore and smooth surface ( Fig. 3(d) ) preventing the stress concentration during the pyrolysis.
For longer immersing dip-coated PCS film in PCS solution over 30 s, most of the first layer was dissolved by 10 mass% solution and slightly concentrated PCS solution formed around the support. Some of pores were plugged by this concentrated solution but remaining was leaved unplugged and those unplugged pores suffered from stress concentration by volume shrinking. It explains why Knudsen diffusion of N 2 and the activated diffusion of H 2 were observed for the membrane with the immersion time of 45 s, as shown in Fig. 1(c) .
In order to verify proposed mechanism, SiC membrane was prepared by dip-coating using 3 mass% PCS solution for the first layer and immersing it into 10 mass% solution. Figure 4 shows gas permeances and the selectivity of the membrane with the immersion time for 30 s. The H 2 permeance was slightly increased and reached 1:5 Â 10 À7 mol/m 2 /s/Pa at 523 K. It is found most of H 2 molecule diffused through large pores by Knudsen diffusion and the remaining diffused SiC network space by the activated diffusion. N 2 permeance was decreased as the temperature was increased, indicating Knudsen diffusion of N 2 . The lower selectivity at 523 K of 11 also suggests a number of unplugged pores were leaved in the membrane.
For both membranes prepared by dip-coating of 3 mass% and 10 mass% solution for the first layer, the selectivity at 523 K was plotted against the immersion time. In Fig. 5 , the highest selectivity at the immersion time of 30 s was six times larger than that of 0 s for the membrane prepared using 10 mass% solution. When 3 mass% solution was employed for coating of the first layer, it is expected less concentrated PCS solution compared with 10 mass% was produced around the support during the immersion. This solution was not able to plug some of pores, which caused Knudsen diffusion of not only N 2 but H 2 . Consequently, lower selectivity was obtained for each immersion time when 3 mass% solution was used to coat the first layer. The dependence of the selectivity on the immersion time was nearly the same for both membranes, which indicates the same pore plugging mechanism attributed to their selectivity. It is noted pore plugging is seemed to be strongly dependent on volume shrinking of the PCS film and the amount of evolved gas during the pyrolysis. Since the amount of evolved gas is peculiar to the curing method, this dependence of gas permeances on the immersion time would be typical of the membrane prepared by the radiation curing.
Gas permeation property of the hydrogen separation membrane was represented by the activation energy of diffusion. When H 2 diffuse through the membrane by the activated diffusion mechanism, the single gas permeance was followed the equation below:
where P is the permeance, P 0 is the pre-exponential factor (mol/m 2 /s/Pa), E a the activation energy (J/mol), R the gas constant (8.314 J/mol/K), T the temperature (K). Activation energy of the membrane prepared by dip-coating of 10 mass% solution and immersing it in 10 mass% solution for 30 s was approximately 11 kJ/mol for H 2 and 2 kJ/mol for N 2 . Large activation energy of H 2 means large sized pores of the support were plugged by SiC film. Moreover, this activation energy was comparable to those of reported membranes prepared via either thermally curing or electron beam curing in air of PCS film, approximately 10 kJ/mol, 12, 13) suggesting H 2 molecule diffused through SiC network space by the activated diffusion. In Fig. 6 , gas permeances of radiation-cured PSC film fired at higher temperature, 1073 K were shown. The membrane was prepared by dip-coating using 10 mass% PCS solution for the first layer and immersing it into 10 mass% solution. N 2 permeance was monotonically decreased as the temperature increased. This means Knudsen diffusion of N 2 occurred and large defects formed in SiC membrane. H 2 permeance was slightly increased up to 473 K then decreased, indicating pinholes or cracks which induce Knudsen diffusion of H 2 appeared in the membrane. As it is reported at the higher temperature than 973 K, larger amount of gases were evolved during the pyrolysis of PCS filber, 16) it seems those defects formed in the membrane were caused by larger volume shrinking of PCS film accompanied by the gas evolution. The selectivity at 523 K plotted as a function of the pyrolysis temperature was shown in Fig. 7 . The maximum selectivity was found at the pyrolysis temperature of 923 K in Fig. 7 . Low selectivity at 873 K was presumably caused by low pyrolysis temperature by which PCS film was not converted into SiC film. 8, 12) Large pores leaved in the film induced Knudsen diffusion of N 2 and low selectivity. Monotonically decreased selectivity with increasing the temperature over 923 K indicates more and more defects formed in SiC membranes. This was opposite tendency to that of SiC membrane prepared by thermally cured PCS film as reported, in which the selectivity was increased with increasing the temperature. 12) This difference seemed to be attributable to the gas evolution behavior of cured PCS film during the pyrolysis. 16) As a result, when PCS film was cured by electron beam irradiation in helium atmosphere, it should be fired at approximately 923 K to convert cured PCS into SiC film offering molecular sieving property.
Summary
SiC membranes without large sized defects were prepared using curing of PCS film by electron beam irradiation in helium atmosphere. The membrane prepared via dip-coating of PCS film using 10 mass% PCS solution, immersing it in 10 mass% PCS solution for 30 s and curing, showed H 2 permeance of 3:1 Â 10 À7 mol/m 2 /s/Pa and the maximum selectivity of 51 at 523 K. The increase of H 2 permeance proportional to the temperature indicated the activated diffusion of H 2 through SiC film. As the temperature of the pyrolysis was increased, the selectivity reached the maximum at 923 K. The improvement of gas permeation property of SiC membrane by the immersion is explained by plugging large sized pores of the support, although further investigations are necessary to clarify the mechanism behind the improvement. Fig. 7 The plot of selectivity of SiC membrane at 523 K as a function of the pyrolysis temperature. The membranes were prepared by dip-coating of PCS film using 10 mass% PCS solution and immersing of PCS film in 10 mass% PCS solution for 30 s.
